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Abstract 

The Williams River has one of the highest stream salinity levels and one of the highest rates of salinity 

increase in southwest Western Australia. Temporal variation of stream salinity of the Williams River at 

Saddleback Road Bridge was examined by: 1) contrasting two periods with similar average flows; and 2) 

comparing trends in both salinity and stream flow for various periods. The contrast between flow-weighted 

average salinity for 1969-73 and for 1984-88 shows an increase of 51±0.7 mg L1 yr1, which is only 54 % of the 

previously published figure. The high rate of salinity increase previously documented is, to a large extent, 

a result of persistent low flows in the late 1970s. The 1980s have been a period of decreasing stream salinity 

as a consequence of increased flow. Variations in salinity are closely related to stream flow conditions. For 

the period of record (1967-90) the trend over time explains only 5.5% of the variation in annual average 

salinity, whereas stream flow variation accounts for 74 % of the variation in salinity. The salinity trend is 

inversely related to that in stream flow. The effect of stream flow on salinity highlights the importance of 

long-term water quality monitoring. 

Introduction 

The Williams River catchment has an area of approxi¬ 

mately 1,500 km2, and lies 150 km south-east of Perth (Fig 1). 

The river flows westward, mostly through agricultural land. 

Roughly 90 % of the catchment has been cleared for grazing 

and cereal production (Public Works Dept. WA1984). Mean 

annual rainfall is about 500 mm in the headwaters area and 

increases to about 800 mm near the Murray River confluence 

(Collins 1974). At Williams, which is located near the centre 

of the catchment, winter rainfall (June to August) constitutes 

more than half of the annual total and summer rainfall 

(December to February) constitutes no more than 10 % of the 

annual total. 

Figure 1. Location map of the Williams River, Western 

Australia. 
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The Wi 1 liams River has one of the highest rates of increase 

in stream salinity (95 mg L1 yr1 for the period 1966-86) in 

southwest Western Australia (Schofield etal. 1988, Schofield 

& Ruprecht 1989). With an average salinity of about 

3,000 mg L ', the Williams River has been classified as brack¬ 

ish with little potential for future development as a source of 

domestic water supply (Schofield et al. 1988). 

It is well known that an inverse relationship exists be¬ 

tween the concentration of many stream solutes and stream 

flow because of the dilution effects of stream flow. For 

example, time series analysis of the salinity trend of the River 

Murray at Morgan (South Australia) showed a strong, in¬ 

verse relationship between salinity and stream flow on a 

monthly basis (Cunningham & Morton 1983). In southwest 

Western Australia, a close relationship between stream flow 

and chloride load was reported for both cleared and un¬ 

cleared catchments (McPherson & Peck 1987). Therefore, the 

effect of stream flow must be evaluated before trends in 

solute concentrations can be assessed. In this paper, two 

approaches were used to evaluate stream salinity trends in 

the Williams River. First, we examined the salinity-stream 

flow relationship for two periods with similar stream flow 

conditions and the salinity increase for a given stream flow 

was determined. Secondly, trends in both salinity and stream 

flow were compared for different periods to identify the 

effect of stream flow on stream salinity. 

Salinity data provided by the Water Authority of Western 

Australia were measurements of total soluble salts (TSS), in 

units of milligrams per litre (mg L1). Salinity was deter¬ 

mined through ion analysis for 3.3% of the samples, the rest 

derived from electrical conductivity measurements (R Dowd 

of WAWA, pers. comm.). In this paper, we use the terms 

salinity and TSS interchangeably. 
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Contrasting Period Approach 

To overcome fluctuations on small time scales, data for a 

certain period are sometimes aggregated to facilitate com¬ 

parison with those in another period. For example, Pittock 

(1983) compared monthly rainfall for two contrasting peri¬ 

ods (1913-45 versus 1946-78) to evaluate the likely change in 

rainfall due to the enhanced greenhouse effect. Likewise, Yu 

and Neil (1993a) contrasted rainfall total and high intensity 

rainfall for the periods 1911-50 and 1951-90 to establish the 

trends in southwest Western Australian rainfall. 

A plot of the number of salinity samples per annum and 

annual stream flow of the Williams River at Saddleback 

Road Bridge (GS614196, catchment area = 1,437 km2) shows 

that 1975-80 is a period of intense salinity measurement and 

is also the period of lowest flow on record (Fig 2). Between 

July 1975 and November 1980, an average of 25 samples were 

taken per month in contrast to 1.6 and 1.8 samples per month 

for the periods May 1966 - June 1975 and December 1980 - 

September 1990, respectively. Average annual stream flow 

for the period 1976-80 was 20 mm, the lowest for any 5-year 

period in the 24 years of record (1967-90). The period 1975-80 

likewise had the lowest stream flow for any 6-year period on 

record (23 mm). When choosing contrasting periods for the 

analysis of the Williams River salinity trend, we considered 

whether the two periods were well separated in time and 

whether the average stream flow and number of samples for 

the two periods contrasted were comparable. 

Figure 2. Salinity sampling frequency and annual stream 

flow at Saddleback Road Bridge (GS614196). 

The periods 1969-73 and 1984-88 with a separation of 15 

years (between mid-points) were chosen. Average annual 

stream flow for these two 5-year periods was 41 mm and 

37 mm, respectively, in comparison with the long-term (24 

years) average of 46 mm yr1. Furthermore, if more than one 

sample was taken on any given day, only the first sample was 

retained in the data set to ensure that samples were taken 

independently. As a result, a total of 28 measurements were 

discarded, and the number of samples for each of the two 

periods was 95 and 97, respectively. Three methods were 

used to assess the salinity changes. 1) Rating curves for the 

two periods were compared. 2) Flow-weighted average 

concentrations for the two periods were compared. 3) The 

median test was used to estimate changes in median salinity 

values for the contrasted periods and for different flow 

conditions. 

Salinity-stream flow relationship 

As noted elsewhere (Yu & Neil 1993b) a simple log-linear 

model is inadequate to describe the relationship between 

salinity and stream flow in the Williams River. A second 

order term was introduced to fit the data, resulting in the 

following regression equations: 

Period 1 (1969-73): 

logC = 3.6 - 0.22 logQ - 0.084 (logQ)2, r2 = 0.61; (1) 

Period 11(1984-88): 

logC = 3.7 - 0.21 logQ - 0.093 (logQ)2, r2 = 0.73, (2) 

where C is TSS in mg L 1 and Q is instantaneous stream flow 

in m3 s1. Standard errors of the estimate for the two regres¬ 

sion equations are 0.016 and 0.07, respectively. 

It can be seen from the scatter plot and fitted quadratic 

equations that maximum salinity occurs during intermediate 

flows for both periods analysed (Fig3). To use these regression 

equations to estimate salinity for a given stream flow 

requires a bias correction factor due to the log-transformation 

(Ferguson 1986; Koch & Smillie 1986). Correction factors 

using the nonparametric method (Koch & Smillie 1986) for 

the two periods are 1.04 and 1.02, respectively. The rate of 

increase in salinity between the two periods varies in relation 

to stream flow (Fig 4). The rate of increase was standardised 

using its standard error (Fig 4) so that its value greater than 

1.96 indicates a significant increase at 0.05 level. The 

maximum salinity increase of 69±18 mg L1 yr1 occurs for 

stream flow between 0.25 and 0.5 m3 s1. For stream flow of 

0.01 nPs'1 the increase in salinity is 21±27 mg L 1 yr1 and for 

stream flow of 10 m3 s’1 the increase is 35±11 mg L*1 yr1. For 

the average flow (1.8 m3 s'1) the change in salinity is 

57±1 mg L1 yr1. 

Figure 3. Comparison of salinity rating curves for the pefl 

ods 1969-73 and 1984-88. 
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Figure 4. The rate of salinity increase (solid line) and the 

standardised rate of salinity increase (dashed line) between 

1969-73 and 1984-88 in relation to stream flow. 

Flow-weighted average salinity 

Equations 1 and 2 were used as rating curves to calculate 

the total load for each of the two periods, respectively. 

Empirical rating curves, usually simple power functions, are 

commonly used to define the variation of concentration with 

stream flow in each transport mode (Richards 1982) and 

these rating curves have been widely used to calculate 

sediment loads of rivers (e.g. Walling 1977, Linsley et al 

^988). No systematic errors in salinity estimates were intro¬ 

duced by using average daily flows. Average salinity was 

estimated by dividing the total load for the two 5-year 

Periods by the corresponding total stream flow volume. 

Assuming that daily salt loads are mutually independent, 

the variance of flow-weighted average salinity, Cav, is given 
Dy: 

Var(C ) = 
ZQfVarfC,) 

(2Q,)2 

^here Q. represents daily flow, and C. estimated daily TSS. 

hus the standard error of the 5-year average salinity can be 

estimated using this relationship. The flow-weighted aver- 

salinity was 2,287±8 mg L'1 for the first period and 

'055±6 mg L1 for the second period, which yields a signifi¬ 

cant average increase of 51±0.7 mg L'1 yr1, or 34%, over the 

^year period. 

Median test 

Since water samples were effectively taken randomly, the 

^°dian test (e.g. Gibbons 1971) may be used to determine 

’‘ether the median TSS for the second period is signifi- 

antly higher than that for the first period and to calculate the 

C°nhdence interval for the difference in the median TSS. The 

^as performed on a common flow range (i.e. 0.0035 - 

nTs1) for both periods. Sample size within this range 

^ the two periods is reduced to 91 and 97, respectively. 

edian salinity increased from 4,010 mg L*1 for the first 

Qhod to 4,710 mg L'1 for the second period. Thus, the 

median test showed an increase of 47 mg L'1 yr1 with a 

confidence interval of -1.6 to 54 mg L1 yr1 (confidence level 

= 0.856) and such an increase was not significant at 0.1 level 

(p-value = 0.121). 

Based on daily and instantaneous stream flow and salin¬ 

ity measurements for the two contrasting periods, we have 

shown that the salinity increase is likely to be in the range 

47-57 mg L'1 yr'1. The lower and upper bounds of this range 

are based on the median test and on the rate of increase at 

average flow, respectively. 51 ±0.7 mg L1 yr1, based on the 

flow-weighted average, is the most reliable because the 

standard error of this estimate is lowest. 

Varying Period Approach 

To eliminate seasonal and other small-scale variations in 

stream salinity, annual flow-weighted salinity was estimated 

using the rating curve method. As noted in comparisons 

using the contrasting period approach, bias in the data set, 

due to an order of magnitude greater sampling frequency in 

the period 1975-80, should be removed before analysis. For 

this analysis, a bias-free sub-sample of the data set was 

obtained by extracting one observation per month from 

samples collected closest to the 1st of each month. This 

operation was repeated for the 15th and 30th of each month. 

Three separate rating curves (n = 36 for each) were then 

calculated for each of three year periods using each of these 

sub-samples. Flow-weighted salinity for each year of record 

was calculated from each of the three rating curves for each 

three year period. The annual flow-weigh ted salinity (Fig 5) 

used for ensuing analysis is an arithmetic mean of these three 

estimates. The average difference between annual salinity 

estimates, calculated from three sub-samples of the data set, 

is about 10 %. 

Figure 5. Time series of annual flow-weighted average salin¬ 

ity of the Williams River. 

The long-term (1967-90) flow-weighted average salinity 

for the Williams River is 2,330 mg L*1, varying from a mini¬ 

mum of 1,177 mg L1 in 1974 to a maximum of 5,493 mg L'1 in 

1979. 

Standard statistical tests were applied to annual flow- 

weighted average salinity and stream flow to identify and 
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quantify stream salinity trends for varying periods of record. 

We used linear regression between concentration and time 

to determine the rate of change of salinity over time and 

Spearman's rank correlation coefficient to test for the occur¬ 

rence of a trend in stream salinity (Table 1). The first part of 

Table 1 represents the conclusion regarding the trend in 

salinity which would have been reached at various times in 

the past, given commencement of salinity monitoring in 

1967. The second part of the table represents the conclusion 

regarding salinity trend which would have been appropriate 

in 1990 if the monitoring program had begun at various 

Table 1 

Summary of salinity trends, their significance levels and 

correlation between salinity and stream flow for different 

periods. 

r (C vs. T): Spearman's rank correlation coefficient 

between flow-weighted average salinity and time. 

r (C vs. Q): Spearman's rank correlation coefficient 

between flow-weighted average salinity and stream 

flow. 

* significant at 0.05 level ** significant at 0.01 level 

Period 
Rate of Change 

(mg L1 yr1) 
r. 

(C vs. T) 

rs 

(C vs. Q) 

1967-76 142 ±108 0.24 -0.89 ** 

1967-77 212 ±97 0.42 -0.90 ** 

1967-78 202 ±81 * 0.53 -0.84 ** 

1967-79 251 ±74 ** 0.63* -0.87 ** 

1967-80 268 ±64 ** 0.70** -0.90 ** 

1967-81 224 ±61 ** 0.70** -0.86 ** 

1967-82 164 ±64 * 0.54* -0.84 ** 

1967-83 112±64 0.34 -0.87 ** 

1967-84 106 ±57 0.40 -0.87 ** 

1967-85 92 ±51 0.42 -0.83 ** 

1967-86 98 ±46 * 0.45* -0.84 ** 

1967-87 101 ±42 * 0.48* -0.86 ** 

1967-88 70 ±42 0.33 -0.88 ** 

1967-89 57 ±39 0.32 -0.86 ** 

1967-90 42 ±37 0.24 -0.83 ** 

1981-90 -23 ±116 -0.05 -0.70 ** 

1980-90 -122 ±110 -0.29 -0.77 ** 

1979-90 -185 ±99 -0.45 -0.83 ** 

1978-90 -155 ±85 -0.43 -0.77 ** 

1977-90 -163 ±73 * -0.52 -0.82 ** 

1976-90 -165 ±63 * -0.59* -0.84 ** 

1975-90 -107 ±65 -0.43 -0.82 ** 

1974-90 -45 ±68 -0.19 -0.85 ** 

1973-90 -11 ±63 -0.06 -0.87 ** 

1972-90 -1 ±57 -0.01 -0.84 ** 

1971-90 1 ±51 0.01 -0.82 ** 

1970-90 13 ±47 0.04 -0.82 ** 

1969-90 17 ±43 0.08 -0.77** 

1968-90 29 ±39 0.15 -0.80 ** 

1967-90 42 ±37 0.24 -0.83 ** 

times after 1967. Annual flow-weighted 

not changed significantly over the period nrexample, 

trend varies considerably for different peno • cienifi- 
between 1967 and 1978-82, stream salinity increase g 

cantly (at 0.05 level) and the maximum rate of mere ^ . 

as high as 268 mg L > yr> (1967-80). In contrast, stream 

ity has significantly decreased over time (again c • 

between 1976-77 and 1990 with a maximum rate of c 

of 165 mg L'1 yr1 (1976-90). Inferences regarding r 

salinity are, therefore, strongly dependent on t e sai 

period in question. 

Only 5.5% of variation in annual flow-weighted average 

salinity can be explained using the linear mo e to r' 

salinity to time for the period 1967-90. This is in star co < 

to 74% of variation in annual flow-weighted average salinity 

that can be explained by annual stream flow using a simp ^ 

log-linear model for the same period. A plot of percen age t 
variation of annual salinity'explained by annual flows a gains 

that explained by time for various periods (Fig 6) s ows la 

a simple log-linear model using annual flows exp ains e 

tween 75 and 85 % of salinity variation for most periods; 

while a linear trend never explains more than 60 % o sa ini y 

variation for any of the periods considered. Similar y, e 

rank correlation between salinity and time is less t an 

for all of the periods examined, whereas the corre ation 

between salinity and stream flow is never less than 0.70 an 

it can be as high as 0.90 according to the time period consid¬ 

ered. A significant correlation (at 0.05 level) exists between 

salinity and stream flow for all of the periods investigate 

(Table 1). 

Figure 6. The relationship between percentage of salinity 

variation explained by a simple log-linear model based on 

annual flows and that explained by salinity trend. 

With respect to trend in stream flow, annual stream flow 

significantly decreased (-4.3±2.1 mm yr1; Spearman's rs at 

0.05 level) between 1967 and 1980 and no significant change 

in annual stream flow was detected for any other period. 

Changes in salinity and flow for various periods, expressed 

as a percentage of their respective long-term averages, are 

closely related (Fig 7). There is a clear inverse relationship 
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between change in stream flow and change in salinity when 

the change in salinity is significant. The inverse relationship 

between the trends in flow and salinity suggests that an 

increase in salinity is a likely result of a decrease in stream 

flow, ceteris paribus. 
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Figure 7. The relationship between trend in stream salinity 

and that in stream flow for various periods. Cross: only trend 

in salinity is statistically significant at 0.05 level; and cross 

and circle: trends in both salinity and flow are statistically 

significant at 0.05 level. 

In the light of the strong relationship between stream flow 

and salinity and the consequent temporal variation in salin¬ 

ity, a re-examination of documented salinity trends for other 

rivers in the region is necessary. The regionally consistent 

rainfall trend (Yu & Neil 1993a) suggests that a downward 

revision of the salinity trend in many streams is a likely 

outcome. Such a reassessment should be undertaken using 

more rigorous statistical procedures than previously and 

taking account of trends in stream flow. 

The variable period approach used shows that the salin¬ 

ity trend over time is a relatively minor component of the 

variation in salinity, by far the most important factor being 

the stream flow. However, significant salinity trends, both 

increasing and decreasing, have occurred during some time 

periods. These results reinforce the necessity of placing 

analysis of all water quality time series in the context of 

changing environmental conditions. It is also clear that re¬ 

finement of our understanding of salinity in an environment 

of high climatic variability and uncertain climatic trends 

requires the maintenance of long-term data series which 

permit a statistically rigorous separation of the different 

factors contributing to stream water quality. 

In conclusion, it has been shown that salinity in the 

Williams River has increased significantly at about 

50 mg L1 yr1 over the period of available records. This result 

constitutes a downward revision by about 50% of the rate 

previously documented. Stream salinity is largely related to 

stream flow in the Williams River, with 74 % of variation in 

stream salinity explained by stream flow variation in con¬ 

trast to only 5.5 % of stream salinity variation being ex¬ 

plained by the salinity trend. 
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Examination of the temporal variation of salinity and 

stream flow for various periods thus shows that the inferred 

rate of change of stream salinity is highly sensitive to the 

period under consideration and is also strongly related to 

temporal variation of stream flow. 

Discussion and Conclusion 

Stream salinity is strongly correlated with stream flow, as 

demonstrated in both this and other studies. It follows that 

it is necessary to take account of both the variation and trend 

in stream flow when assessing salinity trend. In this study, 

several methods have been employed to estimate the change 

in stream salinity over the period 1967-90. The methods 

used, which take account of stream flow variation, yield 

quite consistent results, suggesting that the intrinsic change 

in salinity in the Williams River over the study period was an 

increase of about 50 mg L 1 yr1. Although this rate of 

increase is significant in terms of water quality standards, it 

is about half of the rate previously documented for this 

stream. 
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